Purpose: To determine whether deposition characteristics of ferumoxytol (FMX) iron nanoparticles in tumors, identified by quantitative MRI, may predict tumor lesion response to nanoliposomal irinotecan (nal-IRI).
Introduction
Liposomal drug delivery carriers can enhance utility of existing anticancer drugs by shielding the encapsulated drug from rapid clearance and metabolism, and extending mean residence time in plasma and tumor tissue (1, 2) . Aberrant characteristics in the tumor neovasculature and microenvironment lead to passive accumulation of nanomedicines and macromolecular drugs in tumor lesions, which is known as the enhanced permeability and retention (EPR) effect (3, 4) . The extent to which the EPR effect occurs in humans is controversial and subject to debate. Existing data suggest the EPR effect is highly variable across tumor lesions (5) and may be heavily influenced by the tumor microenvironment (6) . Rationales for noninvasive imaging aimed toward selection of patients with a sufficiently high level of lesion-specific nanotherapeutic accumulation have been proposed (7, 8) ; however, clinical implementation has been limited (4, 9) .
Nanoliposomal irinotecan (nal-IRI; Onivyde, irinotecan liposome injection, MM-398, PEP02, BAX2398) comprises irinotecan encapsulated in a nanoparticle drug delivery system in the form of the irinotecan sucrose octasulfate salt with an average particle size of 110 nm (10, 11) . Nal-IRI in combination with 5-fluorouracil/ leucovorin (5-FU/LV) is approved for use in the United States, European Union, and Taiwan Health Authorities for the treatment of patients with metastatic pancreatic cancer after disease progression following gemcitabine-based therapy (11, 12) . The liposomal payload, irinotecan, is a member of the camptothecin class of topoisomerase I (TOP1) inhibitors and causes cell death through DNA damage after replication-fork collisions with transiently trapped drug-TOP1-DNA cleavage complexes, thus highlighting length of drug exposure as an important driver for cytotoxicity (13) . Compared with pharmacokinetic data of nonliposomal irinotecan (14) , nal-IRI is characterized by a higher exposure, lower clearance, and smaller volume of distribution.
Preclinical experiments (15) have demonstrated that nal-IRI greatly increased availability of the active metabolite of irinotecan, SN-38, in the tumor and showed dose-dependent antitumor efficacy at much lower doses than nonliposomal irinotecan. A semimechanistic pharmacokinetic model identified the duration of prolonged SN-38 levels above an intratumoral threshold as a major pharmacologic determinant for in vivo activity of irinotecan in mice. A sensitivity analysis found that pharmacokinetic properties and permeability of the tumor vasculature to nal-IRI positively affected duration of SN-38 in tumors. Liposomal deposition in tumors was also found to be a rate-limiting step for drug delivery to cells for other long-circulating liposomes (16) . It has previously been shown that tumor deposition of a liposomal contrast agent correlated with treatment outcome to a liposomal drug in a rat xenograft model (17) .
CT or MRI modalities have been used in clinical settings to assess tissue perfusion and permeability, particularly with smallmolecule and macromolecular contrast media (18, 19) . These studies demonstrated that permeability rates depended on molecular or particle properties such as hydrodynamic diameter and shape (4) . Liposomal imaging agents based on single-photon emission computed tomographic (SPECT) or positron emission tomographic (PET) imaging have been examined as well (20) (21) (22) . A widely studied class of imaging agents is superparamagnetic iron oxide nanoparticles, which have excellent MRI contrast characteristics and demonstrate concentration-related negative contrast on T2-and T2
Ã -weighted sequences. Variable coatings applied to these particles can modulate their pharmacokinetic behavior. Longer-circulating iron oxide nanoparticles exhibit delayed enhancement and uptake into reactive cells within lesions (23, 24) and mirror pharmacokinetic and distribution characteristics seen for liposomes (25, 26) and similarly sized nanotherapeutics (27) .
Ferumoxytol (FMX)
is an approximately 750-kDa superparamagnetic iron oxide nanoparticle with an average colloidal particle size of 23 nm and a narrow particle size distribution ranging from 10 to 70 nm (28) . FMX is approved to treat iron deficiency anemia in patients with chronic renal failure (29) . FMX is composed of a nonstoichiometric magnetite core covered by a semisynthetic carbohydrate coating of polyglucose sorbitol carboxymethyl ether. FMX has slower clearance and delayed enhancement properties compared with gadolinium-based contrast agents and also allows after tissue deposition visualization of inflammatory cells in vessel walls and tissue because of uptake of the nanoparticles by macrophages (24, 30) . In preclinical studies, FMX did not interfere with the pharmacokinetics, biodistribution, or cellular distribution of liposomes within tumors (25) . Broad colocalization of liposomes and FMX was observed in perivascular stromal areas, and correlation between the FMX-MRI signal and tumor drug uptake was seen particularly in tumors with high liposomal drug delivery (25) . Comparable results were reported with PLGA-PEG-based polymeric therapeutic nanoparticles (27) . We hypothesized that FMX-MRI could be used as a clinical imaging approach for predicting delivery to tumor lesions and subsequent antitumor activity of nanotherapeutics. Here we measure the deposition characteristics of FMX in tumor lesions using a quantitative MRI approach and compare them with tumor lesion responses after treatment with nal-IRI.
Materials and Methods

Study design
This publication describes the pilot phase of an ongoing institutional review board-approved clinical study (31) that was conducted at the Virginia G Piper Cancer Center in Scottsdale, AZ. The primary objective was to assess the feasibility of quantitative MRI to determine FMX levels in tumor lesions and to assess lesion biopsies for macrophage content and metabolite levels. A secondary endpoint was tumor response assessed by RECIST v1.1 every 8 weeks. Plasma samples to assess the PK of FMX and nal-IRI were collected. Data cut-off date for the pilot phase was February 20, 2015. For study procedures, see Supplementary Information and Supplementary Fig. S1 .
Study criteria
Eligible patients were 18 years of age or older and had advanced solid tumors that had progressed while on !1 prior regimen, Eastern Cooperative Oncology Group performance status of 0, 1, or 2, and acceptable kidney, bone marrow, and liver function. All patients had metastatic disease with 2 lesions !2 cm in diameter, accessible for a percutaneous biopsy. Exclusion criteria included prior irinotecan or bevacizumab therapy within the preceding 6 months. Additional inclusion and exclusion criteria are available (31) .
FMX and MRI phantom
Patients received FMX (AMAG Pharmaceuticals) intravenously at a dose of 5 mg/kg, delivered as a bolus injection (29) at 1 mg/ second and capped at 510 mg. All FMX concentrations are expressed as amounts of elemental iron. After injection, patients were kept under observation for 30 minutes with continuous vital sign monitoring for possible signs of hypersensitivity reactions. Administration by bolus injection was consistent with FDAapproved labeling at the time of the study (29) . Since the
Translational Relevance
Liposomal or nanoparticle-based drug delivery partly depends on enhanced tumor permeability and retention (EPR) properties. Nanoparticle permeability rates are highly variable and differ from small drug molecules that readily diffuse across tumor vasculature. Therefore, standard DCE-MRI pharmacokinetic analysis using low-molecular weight contrast may not be suitable for evaluating tumor lesion permeability to nanoparticles. The ferumoxytol (FMX) iron oxide nanoparticle has pharmacokinetic properties similar to nal-IRI and may be appropriate for estimating EPR effects given its close particle size and longer retention in the blood compared with standard gadolinium-based contrast agents. Using a quantitative MRI approach, we estimated FMX levels in tumor lesions and demonstrated marked heterogeneity of tumor EPR effect. Higher FMX levels were associated with greater reduction in lesion size after nal-IRI treatment. This study suggests that quantitative FMX-MRI may serve as a predictive biomarker for nanoparticle-based drug delivery and may enable patient stratification according to comparatively high tumor uptake of such therapies. completion of this pilot study, the original package insert for Feraheme (ferumoxytol injection) was changed in March 2015 from a bolus injection to an intravenous infusion over at least 15 minutes. Patients are to be observed for signs or symptoms of hypersensitivity reactions during and for at least 30 minutes following FMX infusion, including monitoring of blood pressure and pulse during and after FMX administration. These changes will be reflected in the design of all our ongoing and future clinical studies with FMX (29) .
A FMX phantom was assembled consisting of 15-mL tubes with FMX at concentrations of 0, 10, 20, 30, 40, 50, 100, 150, or 200 mg/ mL elemental iron in 2% agarose containing 5 mmol/L sodium azide. Agarose gel provides tissue equivalent phantom material for measuring contrast agent relaxivity (32) . This phantom was included in all MRI scans of either patients or isolated plasma samples.
FMX-MRI acquisition
MRI for FMX relaxometry was acquired on a GE 1.5-T instrument with a series of 6 coregistered fat-suppressed fast spoiled gradient echo (FSPGR) scans with echo times (TE) of 1.5, 3.0, 4.5, 6.0, 9.0, and 13.2 milliseconds using a phasedarray torso body coil (Supplementary Table S1 For determination of FMX concentrations in plasma, samples of patient plasma were placed next to the FMX phantom and scanned using the same MRI acquisition series as for study patients.
FMX-MRI analysis
From each scan, the T2 Ã relaxation time was extrapolated from the decay in signal intensity with increasing echo times for a given image slice and displayed as the relaxation rate R2
Ã , the inverse of the relaxation time T2
Ã (Fig. 1A ). ROIs were manually drawn on a reference image of the cross-sections of each phantom tube to include all pixels without visible susceptibility artifacts. R2
Ã values for each phantom concentration were calculated by linear regression of the log-transformed average ROI signal for each slice. For each tube, the slice with the highest R 2 (goodness of fit) was selected for plotting the linear relationship between R 2
and FMX concentrations ( Research.
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Similarly, FMX concentrations in lesions, tissues, or other regions of interest were extrapolated from the pre-and postinjection relaxation rates using the nominal relationship observed for the FMX phantom [Eq. 2].
FMX 0!72 tumor exposure parameters were estimated from FMX values derived from MRI using a simple linear piecewise function (33) . We made the assumption that the difference in the contribution of local field inhomogeneities to R2
Ã on the different scan days (captured in the difference between R2 
Response analysis
Patient response assessment was performed by local investigators per RECIST 1.1. For further analysis of lesion responses in correlation to FMX-MRI, a central radiology review was performed in a blinded, independent manner. Details regarding central radiology review can be found in Supplementary Materials.
Plasma and tumor pharmacokinetic modeling of FMX
Pharmacokinetic profiles of FMX in plasma were described by a one-compartment model, which was then connected to the tumor pharmacokinetic model with tumor capillary and tissue compartments ( Fig. 2A; Supplementary Information) . As the volume of distribution for FMX (Supplementary Table S2) suggests a low transvascular flux compared with small-molecule contrast agents, it was assumed that FMX transport to the tumor tissue compartment is permeability limited. The levels of FMX in tumor capillary thus correspond to the central blood compartment, hence making the volume transfer constant K trans equal to the inward permeability surface area product, PeS in (34 permeability (PeS in or K trans ) and extravascular volume fraction (n e ). In the tumor tissue compartment, it is assumed that FMX can also bind to the tissue-binding sites (B), which is intended to capture macrophage uptake of FMX ( Fig. 2A) . Model equations and additional information are summarized in Supplementary Information. Estimated model parameters are summarized in Supplementary Table S3 .
Statistical analysis
Pearson pairwise correlation analysis was performed between FMX levels, lesion size changes, and pharmacokinetic model parameter. Spearman rank correlation analysis was performed between individual lesion averages of irinotecan levels and the patient's time on treatment. One-way ANOVA was used to assess the relationship between lesion size change and FMX groups below and above the median. ROC for lesion classification were calculated by using two different thresholds for lesion size change to define responding patients; either lesion shrinkage (any decrease from baseline) or partial response (!30% decrease from baseline). All statistical analyses were implemented in JMP v11 (SAS).
See Supplementary information for additional Materials and Methods.
Results
Clinical observations
Between December 12, 2012 and March 3, 2014, 21 patients with metastatic solid tumors were screened, of whom 15 met eligibility criteria and enrolled on the FMX-MRI portion of the protocol. Data acquisition for image analysis was successfully completed in all but two patients. Thirteen patients continued to nal-IRI treatment and received between 1 and 31 doses (median, 4 doses). Patient demographics are given in Table 1 . On average, patients received 95% of the intended dose. Nine (69%) patients underwent FMX imaging, biopsy collection, nal-IRI treatment, and at least one posttreatment CT scan for RECIST response assessment and were therefore evaluable for detailed analyses of FMX deposition characteristics and tumor lesion responses, while 4 patients discontinued nal-IRI without acquisition of a scan because of clinical deterioration and/or serious adverse events. We observed 1 partial response (breast cancer), 5 stable disease, and 5 progressive disease responses; 2 patients were not clinically evaluated. Median time on treatment was 57 days (range, 29-434 days), with 4 patients [breast (2), duodenal, and mesothelioma] on treatment for >110 days.
No adverse effects such as hypersensitivity, other allergic reactions, or dizziness were observed during the FMX administration and during a 30-minute observation phase before the first postinjection MRI. Adverse events with nal-IRI were consistent with those previously reported, including diarrhea, nausea, vomiting, and neutropenia (11, 35) .
FMX-MRI imaging and quantitation
Calibration curves for the dependence of R2 Ã on FMX concentration yielded consistent values, with an average r2 Ã relaxivity of 1.661 mL/s/mg (92.8 1/s/mmol/L) (Fig. 1B) Ã increases in the blood, liver, and spleen (Fig. 1C) . FMX accumulation in tumor lesions was detectable and heterogeneous within lesions, but generally at levels lower than the liver and spleen. Liver lesions were also well demarcated from the surrounding tissue in the presence of FMX (see Supplementary Fig. S2A as example). The R2
Ã signal had not returned to baseline in select tissues and most tumor lesions at 72 hours (Fig. 1C, day 4 following FMX). For lesions evaluated by FMX-MRI, lesion sizes at baseline measured on average 32.1 AE 15.62 mm in diameter. No correlations between lesion sizes and uptake were observed.
FMX levels in background tissues or tumor lesions (n ¼ 46) were calculated on the basis of phantom measurements. Maximal tumor lesion FMX concentrations were observed at the 1-or 24-hour imaging time points after FMX injection (Fig. 3A) . Median (with median absolute deviation) FMX levels for all measured lesions were 32.7 (6.2) mg/mL measured at 1 hour after FMX injection, 34.5 (10.4) mg/mL after 24 hours, and 11.4 (4.5) mg/mL after 72 hours. Lesion uptake for individual patients is shown in Fig. 3B . Heterogeneity of uptake across lesions was observed within patients as well as across patients. Lesion levels reached 2.5%-30% of the injected dose per kilogram of tissue at 24 hours. The 24-hour FMX levels correlated linearly with overall FMX exposure AUC 0-72h (R 2 ¼ 0.9502; slope 95% CI, 42.9-49.4); exposures differed by 8.3Â between all imaged lesions, while interlesional ranges of 1.03Â to 4.22Â were observed for individual patients. Intralesion heterogeneity showed median exposure differences of 1.56Â, although >10Â higher differences were also observed.
FMX uptake was minimal in normal muscle, a tissue with small endothelial fenestrations, and returned to baseline levels within 72 hours (Fig. 3C) . In liver and spleen, the FMX concentration was initially comparable with plasma levels at 0.5-2 hours, but the FMX concentration decreased much more rapidly in plasma than in these tissues. After 72 hours, FMX levels in liver and spleen were 6Â and 4Â higher, respectively, than in plasma. In plasma, the elimination half-life of FMX was 22.1 hours (n ¼ 14; 95% CI, 19.7-24.5; Fig. 3C ), consistent with previously published data in healthy subjects (36, 37) and comparable with the reported half-life of nal-IRI (11, 35) . Plasma exposure (AUC 0!t ) for FMX and nal-IRI were correlated (r ¼ 0.7528; P ¼ 0.0030). Other pharmacokinetic parameters for FMX are summarized in Supplementary  Table S2 . Metabolic turnover of FMX resulted in elevated plasma ferritin levels as described previously (29, 36) . Ferritin levels in plasma increased from a median concentration of 267 ng/mL (range, 45-1,481 ng/mL) during patient screening to 691 ng/mL (range, 430-1,730 ng/mL) at day 4 after FMX injection. One month later, levels declined to the previously observed baseline with median concentrations of 238 ng/mL (range, 115-775 ng/mL).
Pharmacokinetic modeling of FMX The multicompartmental pharmacokinetic model described lesion-specific data well, with the exception of a single patient, and captured signal characteristics from regions of interest for either whole lesions or lesion subregions chosen to represent areas of high permeability/high retention (Fig. 2B) or low permeability/ low retention ( Supplementary Fig. S3A ). The FMX lesion values measured at 1 hour following injection correlated best with the permeability parameter (PS in or K trans ) with R 2 ¼ 0.750 (Fig. 2C) . The extravascular volume fraction (ratio between the inward and outward permeability-surface products) correlated best with FMX lesion values measured at 24 hours following injection (R 2 ¼ 0.833; Fig. 2D ). In contrast, permeability-related parameters did not correlate with FMX lesion values measured after 72 hours. However, the tissue binding site parameter contributed weakly to the FMX lesion levels at 72 hours (R 2 ¼ 0.423; Supplementary 
FMX distribution and irinotecan levels in biopsies
Staining of serial tumor sections demonstrated deposition of FMX in macrophage-rich regions of vascular-accessible stromal areas located around tumor nests (Fig. 4A) . This was particularly evident in liver lesions in which the regular pattern of Kupffer cells was replaced by a higher density of CD68-positive cells in the stromal area around tumor nests. Prussian blue staining of iron was seen in Kupffer cells, which provides an indirect assessment of FMX deposition. The strongest staining overlapped with accumulation of CD68-positive cells in stromal areas ( Fig. 4B ; Supplementary Fig. S4 ). Prussian blue signals were observed in biopsies at both 72 hours and 168 hours after FMX administration.
Irinotecan levels, averaged from 2 separate biopsy locations in the same tumor lesion, showed a statistically nonsignificant correlation to the corresponding permeability associated FMX signals at 1 hour (Fig. 4C ) and 24 hours (Fig. 4D) , respectively [Spearman r ¼ 0.4266 (P ¼ 0.1667) at 1 hour; 0.3706 (P ¼ 0.2356) at 24 hours; 0.1608 (P ¼ 0.6175) at 72 hours]. Irinotecan levels in biopsies showed median differences of 2.22Â (range, 1.01-9.06; n ¼ 13) between different biopsy locations for each patient, and 2.29Â differences (range, 1.10-5.71; n ¼ 6) for consecutive passes in the same lesion. Average biopsy pass levels of irinotecan in tumor lesions represented 0.14%-6.07% of the injected dose of nal-IRI per kilogram of tissue at 72 hours and were 21.1% lower than the corresponding plasma levels.
Lesion response
Lesion averages of irinotecan levels showed a strong and significant correlation to the time on treatment for each patient (Supplementary Fig. S5 ; Spearman's r ¼ 0.7824, P ¼ 0.0016). There was also a positive trend between FMX lesion values and irinotecan levels. We therefore evaluated if FMX lesion values also correlated with response characteristics at the lesion level.
Response assessments from CT imaging (see Supplementary  Fig. S2B as example) were available from 9 patients for at least 1 evaluation at 8 weeks after the start of treatment. For 4 patients more than 1 assessment was available. Six of 33 lesions were classified as responders as assessed by a decrease of the longest diameter of 30% or more, and 10 lesions were classified as responders as assessed by volume decreases of 50% or more. Fourteen lesions (42%) had decreased in diameter during at least 1 assessment interval. CT image density changes did not correlate with changes in diameter or volume of lesions.
For the subset of CT-evaluable lesions for which FMX-MRI was available (n ¼ 31), the median FMX levels were 34.1 mg/mL measured approximately 1 hour after FMX injection, 33.6 mg/mL after 24 hours, and 9.8 mg/mL after 72 hours. Individual lesions were classified on the basis of FMX levels as either below or above the median of all lesion values at that time point. FMX levels at 1 hour (Fig. 5A ) and 24 hours (Fig. 5B) after FMX injection were significantly associated with better lesion responses as measured by best change in lesion size (P < 0.0001 at 1 hour; P < 0.003 at 24 hours); no relationship was observed at 72 hours (P ¼ 0.83; data not shown). Lesion responses measured at the earliest available posttreatment CT imaging at 8 weeks showed a similar statistical significance for this association (P ¼ 0.0001 at 1 hour; P < 0.003 at 24 hours; data not shown). Receiver operating characteristics for lesion classification according to 2 separate thresholds for lesion size reduction, namely lesion shrinkage (best lesion size change 
<0%
) and partial response (best lesion size change 30%), had an AUC !0.8 for early FMX measurements (i.e., 1 hour and 24 hours; Supplementary Fig. S6 ). This classification approach also performed slightly better with data from the 1-hour time point that correlated best with the inward permeability-surface product (PS in or K trans ) parameter of FMX.
Discussion
This study provides a first clinical evaluation of using noninvasive imaging of a potential nanodiagnostic to evaluate lesion permeability characteristics as a surrogate measure for the effectiveness of a subsequently dosed nanotherapeutic. In particular, we demonstrate the feasibility of an MRI method using the superparamagnetic iron oxide particle FMX to quantitatively assess tumor permeability properties in patients and relate it with lesion response to treatment with nal-IRI. Our results indicate that lesion FMX measurements at up to 24 hours strongly correlated with lesion-specific permeability parameters from a FMX mechanistic pharmacokinetic model. Lesion FMX levels at 72 hours correlated more with late binding events, likely corresponding to the observed Prussian blue staining overlapping with CD68 signals in stromal areas of tumor biopsies. This FMX-based evaluation can be implemented with a minimum of 2 imaging sessions, and its timing can be selected to emphasize distinct lesion characteristics of interest depending on the nanotherapeutic under investigation.
We analyzed the relationship between FMX levels in tumor lesions and nal-IRI activity, and found a statistically significant correlation between changes in lesion diameters and lesion-specific uptake of FMX at 1 and 24 hours after FMX administration. This suggests that lesion permeability to FMX may be a useful biomarker for tumor response to nal-IRI in patients with solid tumors and also indicates that EPR-driven initial deposition effects may correlate across different nanoparticle types. FMX and nal-IRI both displayed extended plasma circulation and are thought to share plasma clearance mechanisms such as interaction with the monocyte phagocytic system. Although patientspecific differences in the interaction of plasma proteins with these nanoparticles (39) may add confounding factors, this feasibility study was not powered to evaluate the effect of patient covariates, including ethnicity, sex, and age. Our results were based on data obtained from a small number of patients with multiple cancer types. If this relationship holds true in a larger population, it would suggest that deposition may be a dominant factor for response to nal-IRI in certain tumor types. The importance of lesion permeability for liposomal delivery has been shown in preclinical tumor models (15, 16) .
We had also hypothesized that imaging of macrophage levels in tumor lesions may yield information about the drug retention of nal-IRI and associated drug conversion activities. This hypothesis was based on observations in preclinical models (25) that showed broad colocalization of FMX with liposomes in perivascular stromal areas as well as enrichment of both liposomes and FMX in host cells such as tumor-associated macrophages (TAM). For example, experiments in murine syngeneic or xenogeneic models have demonstrated that myeloid cells, particularly TAMs, accumulate the largest share (78%-94% depending on tumor model at 24 hours) of nal-IRI (40). Miller and colleagues (27) noted similar patterns of colocalization and predominant accumulation of FMX and nanoparticles in host cells, driven by the comparable extended circulating half-life of both nanoparticles and the EPR effect. Both nanoparticles take advantage of overlapping microvascular accessibility, even if deposition kinetics for FMX are faster and the distribution of the two nanoparticles within the perivascular space of the tumor can be more divergent on the cellular level. Notably, colocalization of FMX and a therapeutic nanoparticle improved at the lower spatial resolution found in clinical MRI (27) . A surprising observation in this study is that late binding events identifiable by FMX-MRI at 72 hours did not correlate with lesion response in patients treated with nal-IRI. This is reminiscent of a previous report (26) in which liposomal deposition into tumors was shown to be independent of liposomal binding characteristics, whereas subsequent intratumoral biodistribution and cellular retention was affected. FMX measurements at 72 hours also had a lower signal-to-noise ratio, thus making stratification more difficult at that time point. For clinical evaluation of binding events by FMX-MRI, imaging times between 24 and 72 hours may have to be explored.
Miller and colleagues (27) had suggested that when payload release from a nanocarrier is more rapid, its intratumoral distribution may be more dependent on vascular permeability and extracellular volume fraction. Nanoliposomal carriers are thought to release their payload either interstitially, possibly modulated by ammonia levels (41) , or from cells after liposomal uptake and intracellular processing by target cells following ligand-mediated endocytosis or phagocytic cells such as macrophages in the case of passively-targeted liposomes such as nal-IRI (2, 4) . In addition, cellular release is likely to be affected by payload and/or metabolite physicochemical properties, including their polar surface area or interaction with cellular components. Preclinical results with nal-IRI indicated that bioavailability of the liposomal payload is likely not restricted to TAMs. Although liposomal deposition is nonuniform and perivascular, primarily in stromal areas, gH2AX staining at 24-72 hours after liposome dosing in a pancreatic orthotopic model was broadly seen across all tumor areas but not the stroma (42) . Nanoliposomal carriers may thus exhibit comparably faster drug release rates than therapeutic nanoparticles with a more erosive, slower release mechanism (27, 43) , which could possibly explain the lack of correlation between lesion response to nal-IRI and late binding events of FMX in this study. R2 and R2 Ã mapping are accepted clinical tools for evaluating tissue iron concentrations, both for iron overload disorders (44, 45) and for tracking of ultrasmall superparamagnetic iron oxide particles (18, 24, 46) . To enable accurate lesion FMX assessments, baseline MRI signals were subtracted from later time points, and FMX phantom reference was used with all scans. Our R2
Ã values for reference tissues at baseline and at 72 hours compared well with published values (44), despite differences in MRI acquisition parameters such as flip angle, repetition time, and slice thickness. The metabolism of FMX and compartmentalization within cells are potential confounding factors that may influence accurate quantitation of FMX levels in tumor lesions. Findings by Storey and colleagues (44) suggest that the magnetite core of FMX remains largely intact over 72 hours, the time scale of our study. Therefore, FMX metabolism is not expected to greatly influence measurements with tumor lesions. FMX degradation (44, 47) will result in a corresponding decrease in the R2 Ã signal, as the magnetic moment of ferritin is far smaller than that of FMX. Compartmentalization of iron oxide particles after phagocytic uptake into macrophages can double R2 Ã (48, 49) and may thus counteract any loss of signal due to partial degradation of FMX particles during the imaging period (36, 44, 47) . The effects of compartmentalization may also lead to an overestimation of FMX levels particularly at late time points, although this error contribution is thought to be relatively uniform across a patient population. Subtraction of baseline MRI signal proved to be important: baseline R2 Ã values were variable, and the correlation with response to nal-IRI was not significant without correcting for baseline signal in this patient population. Inclusion of a FMX phantom reference allowed transformation of R2 Ã values to FMX concentrations and also served as an MRI quality control. Furthermore, the inclusion of a phantom reference is potentially important for expanding to multiple sites and MRI scanners that have capabilities of acquiring T2 Ã sensitive sequences by a variety of methods including FSPGR acquisition series and multiecho multislice gradient-echo (mGRE) sequences. The now recommended extended infusion schedule of FMX (29) is not expected to affect current strategies of image data analysis because the duration of administration is still small relative to the extended half-life and, thus, deposition time frame of FMX.
Lesion response is dependent not only on sufficient deposition and distribution of the payload but also on appropriate conversion to SN-38 and chemosensitivity of tumor cells, confounding factors adding to response variability in patients and not interrogated with this FMX imaging approach. This study did not address whether treatment with nal-IRI may potentially modify delivery characteristics for later treatment cycles. However, initial response characteristics of tumor lesions appear sufficiently representative of the overall treatment response in the current study. We observed a strong and significant correlation between average irinotecan levels in lesions and the time on treatment for each patient. Furthermore, the concentrations of irinotecan measured in biopsies at 72 hours after administration of nal-IRI were far higher than could be accounted for by microcirculatory levels for total irinotecan and its liposomal encapsulation (15, 50) , consistent with intratumoral deposition of nal-IRI. The composition of nal-IRI precluded any direct IHC-based analysis of the liposomal distribution in post-treatment FFPE samples from our patients. Preclinical findings (15) had suggested that irinotecan levels at 72 hours may be used as a surrogate measure for nal-IRI permeability. The limited correlation between irinotecan and FMX levels in tumor biopsies is likely due to the fact that biopsy location and region selection on MRI and CT images could only be approximated in this study and that the biopsy needle with an inner diameter of 0.838 mm was 1/7th of the MRI slice thickness. Punch biopsies may be better suited for evaluating liposome and FMX deposition, but this is only amenable to a surgical setting.
This study demonstrated that the EPR effect, as measured by FMX-MRI, is highly variable in a diverse patient cohort with solid tumors. Furthermore, variability was observed not only across patients, but also across individual lesions within a patient. The observation that FMX delivery correlated with response to treatment with nal-IRI at the lesion level suggests the potential significance of this finding. However, individual lesion responses may not directly translate into patient-specific outcomes, and the integration of permeability characteristics across multiple patient lesions requires further investigation. Presumably, sufficient delivery is required to most, if not all, lesions within a patient to successfully treat disease. This variability highlights a key challenge in successful therapy with nanotherapeutic agents. FMX-MRI is a promising, novel noninvasive biomarker that may predict responsiveness to therapeutic nanoparticles in general and nal-IRI therapy as indicated in this study. Further development using this approach continues in the expansion phase of a study in patients with metastatic breast cancer (31) .
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